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bstract
Because of their toxicity to humans and their tendency to bioaccumulate in the food chain, the detection of chlorophenols has been investigated
ntensively. This paper compares the oxidation of 4-chlorophenol on a bare gold electrode to its detection on gold electrodes electrochemically
odified with either cobalt(II) tetrasulphonated phthalocyanine (CoTSPc) or 3,4′,4′′,4′′′-copper(II) tetrasulphonated phthalocyanine (CuTSPc).
esults show that the electrochemical behaviour of 4-chlorophenol depends on the molecular structure of the phthalocyanine thin film layers on the
old surface. In addition, the influence of the coordinating properties of the phthalocyanines on the sensitivity of the measurement and the fouling
f the electrode material is discussed.
2007 Elsevier B.V. All rights reserved.
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. Introduction
Chlorophenols have been recognized as environmental pol-
utants since the 1960s because of their toxicity to humans and
ost aquatic organisms and their tendency to bioaccumulate in
he food chain [1]. They are known to be widespread in indus-
rial wastes (e.g. pulp and paper mills, petrochemical refineries
nd coke plants [2]) and are used in many industrial processes
uch as the manufacture of plastics, dyes and pesticides [3]. In
ddition, these compounds are applied as wood preservatives in
gricultural and domestic applications and in additives to inhibit
icrobial growth in a wide array of products, such as adhesives,
ils, textiles and pharmaceutical products [2].
In the past different chromatographic and spectroscopic
echniques have been tested and used for the detection of
hlorophenols in wastewater [3–5]. These methods, however,
an be quite time consuming. Moreover, the fact that samples
eed to be taken from the site into the laboratory potentially
mplies the possibilities for sample contamination, alteration
r fraud. This makes that there is a need for sensitive, repro-
∗ Corresponding author. Tel.: +32 9 264 4826; fax: +32 9 264 4960.
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oi:10.1016/j.snb.2007.07.039ucible, stable, easy-to-use and low-cost analytical methods for
onitoring chlorophenols in water.
In more recent years the electrochemical detection of
hlorophenols and the development of an electrochemical sensor
or these compounds have been investigated intensively together
ith their degradation and adsorption [6–8]. Different bare elec-
rode materials such as gold, platinum, glassy carbon and boron
oped diamond electrodes have been tested [4,9–13] as well
s modified electrodes with different kinds of catalysts [14,15].
specially the use of transition metallo phthalocyanines as elec-
rocatalysts has lately attracted a wide research interest [14–18].
oluble sulphonated phthalocyanines have shown to be able to
orm layers on different types of supporting material, including
lectrodes [19]. The immobilization of these compounds can
ead to modified electrodes with improved kinetic properties.
he major characteristics of phthalocyanines are their high ther-
al and chemical stability, coupled with their extensive redox
hemistry and their tendency to form aggregates [20–22].
In previous studies, the electrodeposition of cobalt(II) tetra-
ulphonated phthalocyanine (CoTSPc) or 3,4′,4′′,4′′′-copper(II)
etrasulphonated phthalocyanine (CuTSPc) on gold electrodes in
pH 12 buffer solution has been described [19,23,24]. In addi-
ion, the morphology and heterogeneity of the adsorbed CoTSPc
r CuTSPc thin layers were studied with synchrotron radiation
-ray fluorescence spectroscopy. The latter allowed the authors
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o develop a theory about the layer formation and build-up of
oTSPc as well as CuTSPc on gold electrodes [25–27].
In this work, the oxidation of 4-chlorophenol (4-Cp) on bare
old electrodes is compared to its detection on gold electrodes
lectrochemically modified with CoTSPc or CuTSPc. Results
how that the electrochemical behaviour of 4-chlorophenol
epends on the molecular structure of the phthalocyanine thin
ayers on the gold surface. In addition, the influence of the coor-
inating properties of the phthalocyanines on the sensitivity of
he measurement and the fouling of the electrode material is
iscussed.
. Experimental
The immobilization of a phthalocyanine (CoTSPc or CuT-
Pc) on a gold electrode was performed in a three-electrode
ell with a saturated calomel reference electrode (SCE) with
wo compartments (Radiometer Analytical, France) and a car-
on counter electrode. The working electrodes were gold disc
lectrodes with a diameter of 1.6 mm (BASI, UK), which were
retreated by mechanical and electrochemical polishing accord-
ng to the following procedure. Before its first use, the electrode
urface was briefly scoured by a silicon carbide emery paper of
200 grit to obtain a fresh surface. To smoothen the resulting
elatively rough surface it was further subjected to sequential
olishing on a polishing cloth covered with alumina pow-
er of 1, 0.3 and 0.05m particle size (Buehler, USA) for
espectively 5, 10 and 20 min. To remove any adherent Al2O3
articles the electrode surface was rinsed thoroughly with dou-
ly deionised water and cleaned in an ultrasonic bath containing
eionised water (Branson 3210, USA) for 2 min. Finally, the
lectrode was pretreated electrochemically by scanning it in a
.1 mol L−1 Na2HPO4/NaOH buffer solution (pH 12) between
1.2 and 0.6 V versus SCE until five subsequent scans were
dentical.
The modification of the electrodes was done by recording
uccessive cyclic voltammetric scans in a potential window
rom −1.2 to 0.6 V versus SCE (50 mV s−1) during a defined
umber of scans in a pH 12 buffer solution containing either
oTSPc or CuTSPc. For a more detailed description of the
lectrochemical behaviour of CoTSPc or CuTSPc on a gold
lectrode, the reader is referred to the literatures [19,23].
mportant for this study is that the modification was per-
ormed prior, at and after the breaking point (i.e. the scan at
hich there is a maximum adsorption) for the modification
ith CoTSPc and after 10, 60 and 100 scans for the mod-
fication with CuTSPc (no breaking point was observed for
uTSPc).
After the modification step, the modified electrode was
canned during 20 voltammetric scans in a blank pH 12 buffer
olution followed by adding different concentrations of 4-Cp.
or each concentration, a freshly made modified electrode was
sed.A PGSTAT20 potentiostat controlled by GPES 4.9 005 soft-
are package running (ECO Chemie, The Netherlands) was
sed to record the voltammetric curves. Before the start of each
easurement, the pH of the solution was measured using an
a
o
t
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rion Benchtop pH-meter model 420A (Thermo Fisher Scien-
ific, USA).
The CoTSPc sodium salts, with the four sulphonated groups
andomly placed over the phthalocyanine structure, were pur-
hased from Rhodes University of Grahamstown (Eastern Cape,
outh Africa). The CuTSPc sodium salts were purchased from
igma–Aldrich (USA). In case of the latter, the four sulphonated
roups can be found on fixed positions, more specifically on
he 3, 4′, 4′′ and 4′′′ spot of a phthalocyanine ring (CuTSPc).
he buffer solution of pH 12 (Na2HPO4/NaOH) and the 4-
p were purchased from VWR-International (Belgium). Before
ach experiment, pure nitrogen was bubbled through the cell
olution for 20 min.
The oxidation peak current (I) of 4-Cp of the first voltam-
etric scan was plotted as a function of the concentration (CCp)
o obtain calibration curves in a concentration range from 0.05
o 1 mmol L−1. Linear regression by the least-squares method
as applied using the model: I = b0 + b1CCp + e, where e is the
esidual. The uncertainty of these values (sb0 and sb1 ) was calcu-
ated next to the pure (experimental) error (sy). The latter were
tatistically compared on the 95% confidence level using the
-test for the precision. The calibration curves have been statis-
ically compared with each other on the 95% confidence level
ith the two-tailed t-test using the Bonferroni adjustment. This
djustment was used since more than two means were compared
hich makes that the same mean is used several times and con-
equently the t-tests are not independent of each other. As a
esult, when all population means are equal, the probability that
t least one comparison will be found to be significant different
ncreases [28].
. Results
.1. Oxidation potential of 4-Cp
Fig. 1 shows the first cyclic voltammetric scan of
.0 mmol L−1 4-Cp on a bare gold electrode (a, curve 1), on
gold electrode modified with CoTSPc until the breaking point
b, curve 1) and on a gold electrode modified with CuTSPc
uring 60 subsequent voltammetric scans (c, curve 1). Also the
urrent potential curves recorded at the three electrodes (respec-
ively a, b and c, curve 2) in a 4-Cp free pH 12 buffer solution are
hown. Next to the peaks related to the adsorbed phthalocyanine,
he oxidation of gold with the formation of gold oxides (around
.4 V versus SCE) and the reduction of the formed gold oxides
ith regeneration of the original gold surface (around 0.15 V
ersus SCE) can be seen in curves 2. Curves 1 show that 4-Cp
an be oxidized at a bare gold electrode, as well as at modified
lectrodes. The oxidation process of 4-Cp occurs at around 0.5 V
ersus SCE, the same potential at which the gold oxidation takes
lace. It has been postulated that the oxidation of chlorophenol
egins with the interaction of the chlorophenol molecule with
n adsorbed OH, which has been formed by electro-oxidation of
n Au–H2O site. In this way, a phenoxy radical is formed which
n its turn can start a polymerization reaction. Stabilization of
he radical occurs by the delocalization of the radical centre over
he aromatic ring [9,12].
496 K. Peeters et al. / Sensors and Actuators B 128 (2008) 494–499
Fig. 1. Current potential curves recorded with a scan rate of 50 mV s−1 between
0.6 and −1.2 V vs. SCE in a 1.0 mmol L−1 4-Cp pH 12 buffer solution at a bare
gold electrode (a), at a gold electrode modified during 60 scans in 4 mmol L−1
CuTSPc (b) and at a gold electrode modified in 6 mmol L−1 CoTSPc till the
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Fig. 2. Current potential curves recorded with a scan rate of 50 mV s−1 between
0.6 and −1.2 V vs. SCE in a pH 12 buffer solution containing 1.0 mmol L−1
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oreaking point (c) at 298 K (curves 1). Also the current potential curves recorded
nder the same conditions of the same electrodes in a 4-Cp free pH 12 buffer
olution are shown (curves 2).
The oxidation of 1.0 and 4.0 mmol L−1 4-Cp at bare gold
a) and at modified electrodes (b for CuTSPc and c for CoT-
Pc) is shown in more detail in Fig. 2. The peak potential
f the oxidation of 4-Cp at a bare gold electrode shifts over
0 mV to higher potentials when the 4-Cp concentration is
hanged from 1.0 to 0.4 mmol L−1. Moreover, it is noticed
hat the 4-Cp oxidation peak interferes with the gold oxi-
ation peak at circa 0.4 V versus SCE. However, the peak
otentials of the oxidation of 4-Cp at modified electrodes
how only a minor change when the 4-Cp concentration is
hanged.
.2. Fouling of the electrode materialsFig. 1 gives a first indication of the fouling of the electrode
n the presence of 4-Cp. The decrease of the reduction peak at
.15 V versus SCE (reduction of gold oxides) in the presence
f 4-Cp indicates that the electrode is poisoned. A fouling of
f
m
s
r1) or 0.4 mmol L−1 (2) 4-Cp at a bare gold electrode (a), at a gold electrode
odified during 60 scans in 4 mmol L−1 CuTSPc (b) and at a gold electrode
odified with CoTSPc till the breaking point (c).
he electrode results in a smaller amount of free gold and thus a
ecrease of the corresponding redox peaks.
A second indication is given in Fig. 3 which shows a detail
f the oxidation of 0.6 mmol L−1 4-Cp at a gold electrode modi-
ed with CoTSPc till the breaking point (a–e) and with CuTSPc
uring 60 voltammetric scans (f–j) as a function of time (voltam-
etric scan number). It is seen that the current decreases with
rowing voltammetric scan number indicating the fouling of the
lectrode and diminishing the number of active sites.
According to the literature this poisoning phenomenon can
e explained by the formation of phenoxy radicals which can
eact through two pathways [9,29–31]. Gattrell and Kirk [29–31]
escribe the chlorophenol oxidation and subsequent polymeriza-
ion pathway, postulating a passivation model in which layers
f immobile unreactive material are formed at the electrode sur-
ace inhibiting further reaction. Initially, high molecular weight
aterial is formed which remains in the vicinity of the electrode
urface. This leads to a locally rapid molecular weight growth
esulting in the differentiation of the polymeric film structure
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Fig. 3. Current potential curves recorded between 0.6 and −1.2 V vs. SCE in a
pH 12 buffer solution with a scan rate of 50 mV s−1 at a gold electrode modified
with CoTSPc at the breaking point in a 0.6 mmol L−1 4-Cp solution with the
s
m
t
i
o
e
c
s
i
c
a
fi
h
a
t
t
w
p
w
0
C
g
2
s
n
Fig. 4. Calibration curves of 4-Cp oxidation obtained at a bare gold electrode
(1), at a gold electrode modified with CoTSPc at the breaking point (2) and at
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Cuccessive scan numbers (a) 2, (b) 4, (c) 6, (d) 8 and (e) 10 and at a gold electrode
odified with CuTSPc during 60 scans in a 0.6 mmol L−1 4-Cp solution with
he successive scan numbers (f) 2, (g) 4, (h) 6, (i) 8 and (j) 10.
n an accelerating manner. Once this immobilized material is
xidized to less reactive forms, the electrode surface becomes
ffectively shielded for further reaction. Another pathway that
an be followed yields quinone-like structures which are water
oluble [9]. It is shown that the way in which the phenoxy rad-
cal reacts, depends on its formation rate. Higher chlorophenol
oncentrations and/or low scan rates favour the polymerization
nd the resulting film behaves as an insulator, passivating the
lm. On the contrary, lower chlorophenol concentrations and/or
igh potential scan rates favour the oxidation to quinonic species
nd the polymer film can be porous enough for charge transfer
o continue [9]. Overall, it can be concluded that at low poten-
ial scan rates, high chlorophenol concentrations and high pH,
hich is the case in this study, the formation of films with low
orosity is favoured [12].
In this study, it is observed that the net current decreases
ith 10% during 10 subsequent voltammetric scans in a
.6 mmol L−1 4-Cp solution for a gold electrode modified with
oTSPc. For the CuTSPc modified gold electrode and the bare
old electrode, the current however decreases respectively with
2% and 26% indicating that the fouling of the electrode occurs
lower on the gold electrode modified with CoTSPc. An expla-
ation for this difference will be given further in Section 4.
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able 1
verview of the data related to the calibration curves obtained from the electrochem
hemically modified with CoTSPc or CuTSPc in a concentration range of 0.05–1 m
umber of data points shown
b1 (A mol−1 L) sb1 (A mol−1 L)
oTSPc
Prior to the breaking point 6412 335
At the breaking point 5960 347
After the breaking point 6021 738
uTSPc
17 scans 6529 288
60 scans 6438 107
100 scans 6633 397
Bare gold electrode 6897 330gold electrode modified with CuTSPc during 100 scans (3) in a pH 12 buffer
olution, with a scan rate of 50 mV s−1 at 298 K. The error bars shown are sy.
.3. Comparison of calibration curves of 4-Cp
Because of the fouling of the electrode, a fresh electrode is
eeded for each 4-Cp detection. In addition, only the first cyclic
oltammetric scan of the electrode is taken into account to plot
calibration curve. Fig. 4 compares the calibration curves of 4-
p for a gold electrode modified with CoTSPc till the breaking
oint (curve 2) and for a gold electrode modified with CuTSPc
uring 100 voltammetric scans (curve 3). The calibration curve
btained at a bare gold electrode is also shown (curve 1). In
able 1, the slope of the calibration curves (b1), the intercept
ith the Y-axis (b0) and their respective uncertainties (sb0 and
b1 ) are shown together with the pure (experimental) error (σy)
f the detection of 4-Cp on gold electrodes modified with CoT-
Pc before, at and after the breaking point. Analogous results for
ifferent CuTSPc modified electrodes (17, 60 and 100 voltam-
etric scans) and for a bare gold electrode are also presented.
or CoTSPc, the results show that the uncertainty on the detec-
ion of 4-Cp is significantly smaller before the breaking point
CoTSPc), at the breaking point (CoTSPc) and at a bare gold
lectrode than after the breaking point (CoTSPc). This indicates
hat the precision decreases with the modification time (increas-
ng voltammetric scan number). Moreover, it is seen that the
ensitivity of the 4-Cp detection is significantly lower at the
reaking point than before the breaking point and at the bare
old electrode. For the detection of 4-Cp at a gold electrode
odified with CuTSPc, it is noticed that the precision and the
ical oxidation of 4-Cp at a bare gold electrode and at gold electrodes electro-
mol L−1 with respectively the electrode condition, b1, sb1 , b0, sb0 , sy and the
b0 (A) sb0 (A) sy (A) Number of data points
0.440 0.203 0.382 12
0.965 0.257 0.593 18
0.759 0.548 1.157 17
0.640 0.174 0.232 6
0.5979 0.065 0.086 6
0.495 0.240 0.319 6
1.3925 0.200 0.267 6
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ensitivity are independent from the number of voltammetric
cans during the modification process. In contrast to CoTSPc,
o significant difference between the detection of 4-Cp at a bare
old electrode and a gold electrode modified with CuTSPc is
etected. As can be seen in Fig. 1, the nature of the central metal
on does not affect the oxidation of chlorophenol at the modi-
ed electrode. If the latter was true, another cyclic voltammetric
ehaviour is expected because Co(II) and Cu(II) have a different
umber of d electrons. Based on the above results, it is now clear
hat the coordination state of the phthalocyanine plays a crucial
ole in the oxidation of 4-Cp.
. Discussion
The similarity of the detection of 4-Cp at a bare gold elec-
rode and at a gold electrode modified with CuTSPc can be
xplained by the properties of the phthalocyanine thin film layer.
rom the first voltammetric scan on, a stable CuTSPc thin film is
ormed with nicely stacked columnar aggregates. During further
odification, the thin film keeps on growing steadily, increas-
ng the number of electrochemically active adsorbed CuTSPc
olecules. Because of the four coordinating properties of CuT-
Pc [17], the phthalocyanine molecules can approach each other
ery easily. The dense CuTSPc aggregates on the electrode make
lectron transfer possible through the thin film and have only a
inor influence on the electrode sensitivity. This behaviour was
bserved for all kinds of CuTSPc modified electrodes, explain-
ng the independence of the 4-Cp detection from the number
f voltammetric scans during the modification. Moreover, the
bove results show that the rate of fouling of both the bare gold
lectrode and the CuTSPc modified electrode is similar, indi-
ating that the oxidation process of 4-Cp at both electrodes is
omparable. The modification of the gold electrode with CuT-
Pc, a four coordinating phthalocyanine, is not an improvement
or the detection of 4-Cp.
For CoTSPc, another effect is observed concerning the rela-
ionship between the thin film build-up and the detection of 4-Cp.
n this case, the change in sensitivity and selectivity for the detec-
ion of 4-Cp at a gold electrode modified with CoTSPc before,
t and after the breaking point, can also be explained by the
hange in the thin film build-up during the modification proce-
ure [25–27]. At the start of the modification procedure only
lectrochemical active monomer species are adsorbed on the
old electrode. On this CoTSPc monomer thin film, monomers
s well as dimers are adsorbed. At the breaking point, an equilib-
ium exists between the monomer and the dimer species. After
he breaking point, only adsorption of the electrochemically
nactive dimer species on the formed thin film is observed. The
imilarity in sensitivity for the 4-Cp detection at a gold electrode
odified with CoTSPc before the breaking point and at a bare
old electrode can be explained, as for CuTSPc, by the availabil-
ty of electrochemically active CoTSPc species for the oxidation
f 4-Cp. During continuous modification however the number
f dimers, adsorbing on the CoTSPc thin film, increases. At
he breaking point, the high amount of electrochemically inac-
ive dimer species results in a decrease in the sensitivity of the
odified electrode compared to the situation before the break-
Rators B 128 (2008) 494–499
ng point. During further modification, the amount of dimers
n the electrode surface keeps increasing which has a negative
nfluence on the reproducibility of the 4-Cp detection. The pres-
nce of the CoTSPc dimers on the surface however appear to
ave a positive influence on the fouling of the electrode. This
an be explained by the more chaotic thin film build-up after the
reaking point resulting in a more difficult adsorption of the phe-
oxy polymer on the surface. It is also possible that the formed
henoxy polymer adsorbs on a CoTSPc dimer site which is not
lectrochemically active. During this discussion, it is noticed that
he build-up of the CuTSPc or CoTSPc thin layers play a crucial
ole in their electrochemical properties towards the oxidation of
-Cp. The thin layer build-up is on his turn highly influenced by
he coordination properties of the phthalocyanine species used
uring modification. Four coordinating species, such as CuT-
Pc, give from the first scan nicely stacked columnar aggregates
ith electrochemically active monomers and dimers [17]. This
as a positive influence on the reproducibility towards the oxi-
ation of 4-Cp in alkaline solution, but there is no improvement
f the sensitivity. On the other hand, modification with six coor-
inating phthalocyanine species, such as CoTSPc, results in a
ore chaotic layer build-up because of the presence of electro-
hemically inactive dimer species on the surface [15–17]. The
resence of these electrochemically inactive species on the sur-
ace has a positive influence on the fouling of the electrode but
he reproducibility of the oxidation of 4-Cp decreases markedly
hich makes this electrode less useful for this oxidation.
. Conclusions
In this paper the oxidation of 4-Cp in a pH 12 buffer solution
t a bare gold electrode is compared to its oxidation at a gold
lectrode modified with CoTSPc or CuTSPc. The modification
f the electrode was performed by successive cyclic voltam-
etric scans in CoTSPc or CuTSPc solutions. It is noticed that
he gold electrodes modified with CoTSPc or CuTSPc show no
lectrocatalytic behaviour concerning the oxidation of 4-Cp. It
s, however, seen that the build-up of the CoTSPc or CuTSPc
hin film on the gold electrode has a major influence on the sen-
itivity and the reproducibility of the electrode. High amounts of
lectrochemically inactive species on the electrode surface have
o be avoided. Therefore, four coordinating metal phthalocya-
ines are preferred and six coordinating metal phthalocyanines
ave to be avoided as electron transfer mediator. On the other
and, it is noticed that the more chaotic thin film build-up and
he presence of electroinactive six coordinating CoTSPc species
ave a positive effect on the fouling of the electrode surface.
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